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Abstract
Gestational cocaine treatment in rat dams results in decreased oxytocin (OT) levels, up-regulated
oxytocin receptor (OTR) binding density and decreased receptor affinity in the whole amygdala,
all concomitant with a significant increase in maternal aggression on postpartum day six. Rat dams
with no gestational drug treatment that received an infusion of an OT antagonist directly into the
central nucleus of the amygdala (CeA) exhibited similarly high levels of maternal aggression
towards intruders. Additionally, studies indicate that decreased OT release from the hypothalamic
division of the paraventricular nucleus (PVN) is coincident with heightened maternal aggression in
rats. Thus, it appears that cocaine-induced alterations in OT system dynamics (levels, receptors,
production, and/or release) may mediate heightened maternal aggression following cocaine
treatment, but the exact mechanisms through which cocaine impacts the OT system have not yet
been determined. Based on previous studies, we hypothesized that two likely mechanisms of
cocaine’s action would be, increased OTR binding specifically in the CeA, and decreased OT
mRNA production in the PVN. Autoradiography and in situ hybridization assays were performed
on targeted nuclei in brain regions of rat dams on postpartum day six, following gestational
treatment twice daily with cocaine (15 mg/kg) or normal saline (1 ml/kg). We now report cocaine-
induced reductions in OTR binding density in the ventromedial hypothalamus (VMH) and bed
nucleus of the stria terminalis (BNST), but not the CeA. There was no significant change in OT
mRNA production in the PVN following cocaine treatment.
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1. Introduction
Recently, there has been increased interest in central OT system involvement in maternal
aggressive behavior in rats, specifically if, and how OT might be mediating this behavior.
Otherwise untreated rats displayed increased levels of maternal aggression towards intruders
on postpartum day six following infusion of the OT antagonist, d(CH2)5,
[ ]- vasotocin, directly and specifically, into the CeA (Lubin et
al., 2003). Conversely, OT infused directly into the CeA and BNST, decreased maternal
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aggression in lactating rats on postpartum days five–seven (Consiglio et al., 2005). Other
studies suggest that OT release in the PVN and CeA may play an important role in normal
maternal aggression (Bosch et al., 2004, 2005). Additionally, selective inhibition and
destruction of oxytocinergic parvocellular neurons in the hypothalamic PVN have been
proposed as a possible mechanism for alteration of maternal aggression through reduction of
central OT levels (Giovenardi et al., 1998). Thus, there is growing evidence of a role for OT
mediation of maternal aggressive behavior, primarily through the CeA.
Although it is adaptive for rat dams to protect their young from intruders, non-protective or
overly aggressive behavior is not considered adaptive. Rat dams treated throughout gestation
with cocaine exhibited significantly increased aggression towards intruders while exhibiting
generally poorer pup directed maternal behavior (Johns et al., 1994). Co-incident with
higher levels of maternal aggression on postpartum day six, cocaine treated rat dams had
significantly lower OT levels in the whole amygdala (Johns et al., 1998). Furthermore, as
characterized by a saturation binding assay, cocaine treatment resulted in an increase in
OTR binding and decreased OTR affinity in the amygdala of cocaine treated rat dams on
postpartum day six (Johns et al., 2004). Cocaine-induced alterations of one or more aspects
of the OT system (binding, levels, release, production) have been proposed as the
mechanism through which cocaine increases maternal aggression in rat dams (Johns et al.,
1994, 1998). Based on previous evidence, the CeA appears to be the most likely candidate
for probable OTR receptor dysregulation previously reported in the whole amygdala of
cocaine-treated rat dams.
Since projections from the parvocellular region of the PVN to various brain regions within
the central nervous system (CNS) are strongly implicated in maternal behavior and
aggression (Bale et al., 2001; Ingram and Moos, 1992; Numan and Corodimas, 1985;
Pedersen, 1997), disruption of OT production in the PVN could play an important role in
cocaine’s effects on other OT system dynamics (levels or release). Production of OT, largely
restricted to the PVN and supraoptic nucleus (SON) (Burbach et al., 1992; Numan and Insel,
2003; Van Tol et al., 1988; Zingg and Lefebvre, 1988), has not been previously investigated
in a rodent model of gestational cocaine treatment.
The present study tested the specific hypotheses that OTR density would be increased in the
CeA and that OT mRNA production would be decreased in the PVN of rat dams treated
with cocaine during gestation compared to saline treated controls on postpartum day six.
2. Methods
2.1. Subjects
Virgin female Sprague–Dawley rats (200–250 g) were group housed in a temperature and
humidity controlled room for a one week habituation period prior to mating. Females were
then singly housed with a sexually mature male until conception was noted by the presence
of a sperm plug, and if necessary, confirmation was made by vaginal smears. On the day a
sperm plug was present, designated as gestation day zero (GD 0), the female was removed
from the breeding cage, randomly assigned to a treatment group, and individually housed.
Pregnant females were maintained on a reverse 12 h light–dark cycle (with lights on at 2100
hours for 7 days), then transferred to a room with a regular light cycle (lights on at 0700
hours for the remainder of the experiment), a procedure that generally results in the majority
of dams delivering their litters during daylight hours (Mayer and Rosenblatt, 1998). All
procedures were conducted under federal and institutional animal care and use committee
guidelines for humane treatment of laboratory subjects.
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Treatment groups included: cocaine and saline dams given subcutaneous (sc) injections of
cocaine (15 mg/kg cocaine hydrochloride, Sigma–Aldrich Co., MO, dissolved in 0.9%
normal saline in a total volume of 1 ml/kg, with dose calculated as the free base;) or saline
(0.9% 1 ml/kg) respectively, twice daily on alternating flanks throughout gestation (GD 1–
20 at approximately 0900 and 1600). Cocaine-treated dams had free access to water and
food (Purina rat chow) but saline-treated dams were pair-fed to cocaine-treated dams to
control for the anorectic effects of cocaine. Pair feeding insured that on any specific
gestation day, controls received the same amount of food eaten on average by a cocaine-
treated dam on that same respective gestation day, as previously described (Johns et al.,
1994).
Immediately following parturition, designated as postpartum day one, pups were removed,
weighed, counted, and their gender recorded. All dams then received eight surrogate pups
born within 8 h of their delivery to control for potential differences in maternal behavior
resulting from differential pup cues due to offspring prenatal drug exposure. Each dam and
her foster litter were then returned to the dam’s home cage in the colony room and
monitored daily until sacrifice on postpartum day six.
2.3. Brain collection and slice preparation
On postpartum day six cocaine and saline treated subjects were decapitated, their whole
brains extracted, immediately flash frozen on dry ice for 5 min, and finally stored at −80 °C
until they were sectioned. Twenty micrometer coronal sections were serially collected from
the CeA and PVN with a cryostat (Leica CM 3050, Germany) for the autoradiography and
in situ hybridization assays, using a stereotaxic rat brain atlas as a reference (Paxinos and
Watson, 1997).
Regions of interest included, the entire PVN, encompassing the magnocellular and
parvocellular regions with the SON as a control region; the CeA including lateral and medial
portions with the entire VMH and BNST regions analyzed as associated regions to control
for binding specificity. Slices were thaw mounted onto Superfrost Plus Slides (Fisher
Scientific International Inc., NH) and returned to storage at −80 °C until time of assay.
2.4. Receptor autoradiography
OT autoradiography was performed on sections from 9 of 14 and 7 of 12 randomly selected
cocaine and saline treated dams respectively, using 125 I-OTA, [d(CH2)5, O-Me-Tyr2, Thr4,
Tyr9, Orn8]-vasotocin (New England Nuclear, MA) as described previously (Francis et al.,
2002). Briefly, sections were allowed to thaw at room temperature, immersed in a fixative of
0.1% paraformaldehyde in phosphate-buffered saline (1 g/L paraformaldehyde, 2 pellet/L
NaOH pH to 7.4) at room temperature for 2 min, and then rinsed twice for 10 min in Tris
Buffer (50 mM, pH with HCl to 7.4). Tracer binding employed 30 ml of a solution of 125I-
OTA, [d(CH2)5, O-Me-Tyr2, Thr4, Tyr9, Orn8]-vasotocin in buffer (50 mM Tris, 10 mM
MgCl, 0.1% BSA, 0.05% bacitracin, pH 7.4) at a concentration of 50 pM. Non-specific
binding was determined by incubation of adjacent sections with the radioactive ligand
described above and 50 μM of an unlabeled specific OT ligand, Thr4, Gly7 oxytocin
(Bachem, CA). Buffer was applied to the sections in vertical slide holders at room
temperature for 60 min. Following tracer binding, the slides were washed three times (5
min) with Tris/MgCl buffer (50 mM Tris, 10 mM MgCl, pH with HCl to 7.4) at room
temperature. Slides were then washed for 30 min in a circulating Tris/MgCl buffer, followed
by a 2 s wash in distilled water before they were rapidly dried with gently forced cool air.
The slide sections along with a series of 125 I-microscale standards (Amersham, UK) were
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exposed on Kodak BioMax MR film (Kodak, NY) for 3 days and developed with GBX
developer and fixer (Kodak, NY) to obtain images for quantification.
2.5. In situ hybridization
OT in situ hybridization was performed on 8 of 14 and 7 of 12 randomly selected cocaine
and saline-treated dams respectively using a single, 41 base, 35S-oligionucleotide probe
(GGG CTC AGC GCT CGG AGA AGG CAG ACT CAG GGT CGC AGG CG)
complementary to nucleotides 906–946 of the rat OT mRNA (GenBank Accession Number
K01701).
Sections were processed for OT in situ hybridization as described previously (Wang et al.,
2000), with slight modifications for this study. Briefly, sections were fixed in 4%
paraformaldehyde and rinsed in phosphate-buffered saline. Then they were rinsed in 1.5%
triethanolamine and treated with 0.25% acetic anhydride, defatted in chloroform and
dehydrated in a series of graded concentrations of ethanol. Each slide was incubated at 37
°C overnight with 200 μl of hybridization solution (50% formamide, 1× Denhardt’s solution,
10% dextran sulfate, 0.3 M NaCl, 0.8× Tris/EDTA, 8 mM dithiothreitol and 1 mg/ml tRNA)
containing about 1 × 106 cpm of oxytocin oligonucleotide probe which was labeled with 35S
dATP (Perkin–Elmer, MA) using Tdt and purified with a QiaQuick nucleotide removal kit
(Qiagen, CA). After the incubation, the slides were washed in saline-sodium citrate buffer,
dehydrated with ethanol/ammonium acetate, and dried. Slides were placed on Biomax MR
Film (Kodak, NY) for 60 min and developed. Specificity controls included treating sections
with a sense probe for the OT peptide during probe development, which did not produce any
labeling.
2.6. Photomicrograph production and image analysis
Digital images of autoradiograms were obtained using a ScanMaker 9800 XL Flatbed
Scanner with Transparent Media Adapter (Microtex Inc. CA) connected to a Macintosh®
computer. Images were imported into Silverfast MicroIT8 (LaserSoft Inc., Germany), and
no cropping or adjustments for brightness and contrast were made to clarify the scientific
point of interest.
Autoradiographic binding was quantified from the digitized autoradiograms using the NIH
image program (http://rsb.info.nih.gov/nih-image) for the Macintosh®. For OTR, optical
densities were converted to disintegrations per minute per milligram (DPM/mg) tissue
equivalents, using the 125I autoradiograph standards developed with the slide images. All
sections were coded to obscure the identity of the tissue and each region of interest in OTR
binding was measured bilaterally from 10 sections per area, per animal.
For OT in situ hybridization, optical densities were not converted to any standardized unit of
radioactive decay as appropriate standards are not currently available on the market.
Comparisons between groups were based on tissue optical density measurements, minus
background levels of adjacent blank film.
2.7. Statistical analysis
Gestational data, including group mean comparisons of gestation length, dam weight gain,
number of pups, pup gender, litter weight, and culled foster litter weight gain (postpartum
days one through six) were analyzed using a one-way analysis of variance (ANOVA).
Brain sections from cocaine and saline treated animals were compared to standard sections.
Reported numbers are presented as DPM/mg for receptor binding densities and optical
density (OD) for OT mRNA production. Data presented in tables and figures include the
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mean ± SEM per group. Specific binding was calculated by subtracting non-specific binding
from total binding for each area. Binding and OD data were analyzed with a one-way
ANOVA for independent measures, followed by Tukey highest significant difference (HSD)
posthoc analyses (p ≤ 0.05) when appropriate.
3. Results
3.1. Gestational data
As shown in Table 1, cocaine treated dams gained significantly less weight over gestation
than did saline control dams [F(1,24) = 4.31; p ≤ 0.05)]. There were no group differences on
the measures of gestation length for dams or any of the litter related measures.
3.2. OT receptor autoradiography
Table 2 illustrates the binding values from targeted regions of interest, with significant
group differences highlighted in bold print and denoted with an asterisk. The results, shown
in Fig. 1, include graphical representation of regions, along with representative
autoradiographs. Cocaine treatment resulted in significantly lower OTR binding density in
the VMH [F(1, 13) = 5.76; p ≤ 0.05)] and BNST [F(1,14) = 4.41; p ≤ 0.05)] compared to
saline treatment, with no significant group differences apparent in CeA OT binding.
3.3. In situ hybridization
OT mRNA production was, as expected, highly restricted to the hypothalamic PVN and
SON. As illustrated in the graphs and representative autoradiographs in Fig. 2 and shown
numerically in Table 3, there were no significant differences between cocaine and saline
treated dams in OT mRNA production, in either region.
4. Discussion
Although our original hypotheses were not supported, we do report a significantly lower
density of OTR binding in the VMH and BNST of cocaine-treated dams compared to saline-
treated controls. These findings, along with the OT and OTR alterations previously reported
in the whole amygdala, hippocampus, medial preoptic area and ventral tegmental area
(Huber et al., 2005; Johns et al., 1998, 2004), indicate most importantly, a pervasive
dysregulation of the OT system in cocaine treated lactating rat dams. Also of significance,
the findings indicate cocaine related OTR alterations in nuclei associated with maternal
behavior/aggression that have not been previously reported, which may prove to have
behavioral significance perhaps acting as part of a general inhibitory circuit along with other
previously indicated regions of interest. The present report, along with the recent findings
from Consiglio et al. (2005), indicates a possible role for OT regulation in the BNST as at
least a partial mediator of maternal aggression in lactating rats. The BNST, which
interconnects the VMH and amygdala (Palkovits and Zaborsky, 2005), is considered to be
morphologically and functionally associated with the CeA (Alheid and Heimer, 1988;
Canteras et al., 1995; Cushing and Kramer, 2005; Sun et al., 1991; Veinante and Freund-
Mercier, 1998). Previously, this structure has been most often associated with maternal
behavior (Insel, 1992; Kendrick et al., 1992; Numan and Numan, 1996). If as reported,
higher OT levels in the BNST result in decreased aggression (Consiglio et al., 2005), a
cocaine induced decrease in OTR with subsequently reduced binding, could possibly have
the inverse effect on maternal aggressive behavior. Further studies will be needed to clarify
the role of OT and OTR in the BNST both in the mediation of normal maternal aggressive
behavior, and more specifically in cocaine induced hyper-aggression.
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The VMH is also rich in OTR binding, particularly in the more ventral portions of the
nucleus (Freund-Mercier et al., 1988; Tribollet et al., 1988; van Leeuwen et al., 1985).
Interestingly, several studies report VMH projections to the CeA (Kruk et al., 1983,
1984a,b; Lammers et al., 1988; Roeling et al., 1994) and although the VMH is more
typically associated with sexual (Pfaff and Schwartz-Giblin, 1988) and feeding behavior
(Oomura, 1988), several studies using lesion (Grossman, 1972) and brain stimulation (Kruk
et al., 1984b; Mos et al., 1987) paradigms have linked this structure to non-maternal
aggression. Other studies using central GABA antagonists (Hansen and Ferreira, 1986), as
well as knife cut, electrocoagulative, and ibotenic lesions of the VMH (Hansen, 1989), link
this region more specifically to maternal aggression. Though we did not find a significant
change in OTR binding in the CeA of cocaine treated animals as predicted, this could
possibly be a reflection of methodological differences between this and our previous study
(Johns et al., 2004), but future studies will elucidate the discrepancy in findings. Additional
studies will be needed to examine behavioral correlations as the present findings did not
include behavioral data and just as with the BNST, the role of the VMH in maternal
aggressive behavior remains to be characterized. It may be that OTR changes in these two
regions may have little to do with measureable behavior, considering that OTR are regulated
in the CNS by glucocorticoids (Liberzon et al., 1994; Liberzon and Young, 1997), and stress
related activation of the HPA axis following cocaine withdrawal could alter OTR expression
unrelated to behavioral involvement. The present findings indicate the importance of
conducting further studies of these two regions.
Prior to this study, cocaine’s influence on OT mRNA production had not been reported for
dams treated with cocaine during gestation. Decreases in OT production in the parvocellular
region of the PVN were hypothesized based on previous studies (Johns et al., 1998) and the
possible relevance of OT projections from the parvocellular region of the PVN to limbic
structures (Newman, 1999; Sawchenko and Swanson, 1983). We were unable to distinguish
differences between the parvocellular and magnocellular regions of the PVN though all
measurements were consistent for both treatment groups. There was only a slight, non-
significant increase in mRNA in the SON and PVN, leading us to believe that OT mRNA
production is probably not a factor in cocaine-induced OT dysregulation on postpartum day
six, although earlier changes cannot be ruled out. Based on these findings, further studies
will examine cocaine’s effects on OT release, stress related changes as relates to peripheral
OT changes, and a determination of whether OT changes in the VMH and BNST have
relevance for behavior following cocaine treatment.
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Least squares means (±SEM) oxytocin receptor (OTR) binding density (DPM/mg) in the
central medial and central lateral nucleus of the amygdala (CeA), bed nucleus of the stria
terminalis (BNST), and the ventral medial hypothalamus (VMH) in dams on postpartum day
six. Nucleus is indicated on the x axis and cocaine (COC) or saline (SAL) treatment is
denoted by black or grey bars, respectively. The asterisk indicates that COC treated dams
had lower OTR binding levels in the BNST and VMH than SAL treated dams (*p ≤ 0.05).
Below the graph are representative radiographs of COC and SAL treated dams corroborating
lower OTR binding in the BNST and VMH of COC treated dams.
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Least squares means (±SEM) oxytocin (OT) mRNA optical density (OD) in the
paraventricular hypothalamic nucleus (PVN) and the supraoptic nucleus (SON) in dams on
postpartum day six. Nucleus is indicated on the x axis and cocaine (COC) or saline (SAL)
treatment is denoted by black or grey bars, respectively. Below the graph are representative
radiographs of COC and SAL treated dams indicating no differences in OT mRNA OD in
the SON or PVN of COC treated dams.
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